Consumption by animals and humans of earthy materials such as clay is often related to gut pathologies. Our aim was to determine the impact of kaolinite ingestion on glucose and NEFA transport through the intestinal mucosa. The expression of hexose transporters (Na/glucose co-transporter 1 (SGLT1), GLUT2, GLUT5) and of proteins involved in NEFA absorption (fatty acid transporter/cluster of differentiation 36 (FAT/CD36), fatty acid transport protein 4 (FATP4) and liver fatty acid binding protein (L-FABP)) was measured (1) in rats whose jejunum was perfused with a solution of kaolinite, and (2) in rats who ate spontaneously kaolinite pellets during 7 and 28 d. Also, we determined TAG and glucose absorption in the kaolinite-perfused group, and pancreatic lipase activity, gastric emptying and intestinal transit in rats orally administered with kaolinite. Glucose absorption was not affected by kaolinite perfusion or ingestion. However, kaolinite induced a significant increase in intestinal TAG hydrolysis and NEFA absorption. The cytoplasmic expression of L-FABP and FATP4 also increased due to kaolinite ingestion. NEFA may enter the enterocytes via endocytosis mainly since expression of NEFA transporters in the brush-border membrane was not affected by kaolinite. After uptake, rapid binding of NEFA by L-FABP and FATP4 could act as an intracellular NEFA buffer to prevent NEFA efflux. Increased TAG hydrolysis and NEFA absorption may be due to the adsorption properties of clay and also because kaolinite ingestion caused a slowing down of gastric emptying and intestinal transit.
For thousands of years, people have used clay to heal wounds, soothe indigestion and treat intestinal pathogens. Nowadays, Kaopectate w and Smecta w are common commercial products featuring, respectively, kaolinite and smectite, that assuage diarrhoea in monkeys and humans (1, 2) . By lining the walls of the intestinal tract, healing clays protect the injured intestinal tract from irritation by toxins. More precisely, the presence of clay in the gut increases mucus secretion by goblet cells and prevents mucolysis through increased protein cross-linking (3) . Clays are microcrystalline minerals and have specific properties such as a layer charge, a high specific surface area (reaching values of about 800 m 2 /g), a high ion exchange capacity and a high adsorption capacity (4) . They may therefore possess a strong nutrient retention power. It has indeed been shown that L-leucine, L-aspartate and D-glucose bind with a high affinity to the clay mineral bentonite (5) . In that case, one may ask whether nutrients can be still efficiently absorbed in 'clay-plastered' intestines. On the other hand, also based on their properties, clay minerals could also be an appropriate substratum for enzymes (and should therefore favour hydrolysis of macronutrients and consequently intestinal absorption). Indeed, diosmectite, a natural clay used in the treatment of several gastrointestinal diseases, shows a dose-dependent capacity to adsorb some enzymes in vitro (6) . Furthermore, kaolinite feeding in rats has been shown to increase the activity of leucine amino-peptidase and of several dehydrogenases (7) . Kaolinite, one of the simplest clay with an ideal chemical formula of Al 2 O 3 .2SiO 2 .2H 2 O, is usually the main clay provided to humans suffering from diarrhoea (8 -11) . In systemic mineralogy, kaolinite belongs to the category of phyllosilicates, which are stratified layered minerals. Because of the strong attractions between the layers, most reactivity of kaolinite is controlled by the external adsorption surface area of the particles. Kaolinite easily adsorbs water (12, 13) and is known to selectively bind some noxious compounds in the digestive tract and to avoid their absorption by enterocytes. Among these substances, diarrhoea-causing enterotoxins, plant metabolites (14) and aflatoxins (15) have been shown to be adsorbed by kaolinite and, consequently, may not cross the intestinal barrier. However, there is a lack of studies describing the interactions between kaolinite and dietary macronutrients, except that of Dowling et al. (16) . These authors showed increased intestinal glucose uptake in rats fed with diets containing 66 and 80 % kaolinite powder, although there was no hypertrophy of the small intestine. Unfortunately, they did not look at further possible mechanisms, i.e. expression of glucose transporters, since these had not yet been characterised in 1967. These mechanisms are now well described: glucose is absorbed at the apical side of the enterocytes either through an energy-dependent Na/glucose co-transporter 1 (SGLT1) when its concentration in the lumen does not exceed 30-50 mM (17) , or through the facilitative GLUT2 at higher concentrations (18, 19) . Glucose is transported out of the enterocyte through GLUT2 (which is also located in the basolateral membrane) and diffuses 'down' a concentration gradient into capillary blood within the villus (20) . The blood passes into the mesenteric vein and then into the hepatic portal vein, which delivers nutrients to the liver.
In addition to glucose, it would also be of great interest to investigate whether intestinal TAG absorption could be affected by clay ingestion. Before absorption, TAG molecules are hydrolysed according to a two-step process. First, emulsification occurs: large aggregates of dietary TAG, which are virtually insoluble in an aqueous environment, are broken down physically and held in suspension. Second, TAG molecules are digested by pancreatic lipase (a water-soluble enzyme; EC 3.1.1.3) to yield monoacylglycerol and NEFA, both of which can efficiently diffuse or be transported into the enterocyte. Fatty acid transport protein 4 (FATP4), fatty acid transporter/cluster of differentiation 36 (FAT/CD36) and plasma membrane fatty acid binding protein (L-FABP) mediate NEFA uptake by the small intestine (21 -24) . L-FABP and FATP4 are also located in the cytoplasm where they bind NEFA and therefore prevent their efflux in the lumen (23, 25) . Once inside the enterocyte, NEFA and monoacylglycerol are re-synthesised into TAG, and are then packaged with cholesterol, apolipoproteins and other lipids into chylomicrons. Chylomicrons are transported to the basolateral membrane, where they undergo exocytosis and are then transported into the lymphatic system, which rapidly flows into the blood. Blood-borne chylomicrons are rapidly disassembled and their constituent lipids utilised throughout the body.
The aim of the present study was to determine the impact of kaolinite ingestion on the transport of glucose and NEFA through the intestinal mucosa. Therefore, the gene and protein expression of SGLT1, GLUT2, GLUT5 (an apical fructose transporter), FAT/CD36, FATP4 and L-FABP were measured (1) in rats whose jejunum was perfused with a solution of kaolinite, and (2) in rats who spontaneously ate kaolinite pellets during 7 and 28 d. Also, we determined TAG and glucose absorption in the kaolinite-perfused group, and pancreatic lipase activity, gastric emptying and intestinal transit in rats who received kaolinite by oral administration. For the intestinal perfusion and oral administration experiments, the amount of kaolinite administered was similar to that provided to humans in the treatment of digestive disease and adjusted to rat body mass.
Experimental methods

Animals
Male Wistar rats weighing 300 g were obtained from Iffa-Credo (Lyon, France). Animals were housed individually in leucite cages and maintained at 238C with a 12 h light period. They were fed a standard diet (A03 pellets; UAR, Epinay-sur-Orge, France) and had free access to water throughout the experiment. They were weighed every day between 09.00 and 10.00 hours. The experiment complied with the 'Principles of Animal Care' publication no. 86-23, revised 1985 of the National Institute of Health, and with current legislation (L87-848) on animal experimentation in France. Commercial kaolinite powder (Argiletz, Lizysur-Ourcq, France) was used for all the different experiments.
Experimental procedures
Oral administration of kaolinite. After 1-week acclimatisation, the rats had free access to kaolinite, food and water during 7 or 28 d. Kaolinite was not mixed with food but prepared as compact blocks similar in size to the standard food pellets and given ad libitum as separate kaolinite pellets together with the normal A03 pellets. 'Control' rats had only food and water during the same periods. After these 7 and 28 d periods, rats weighing 361·9 (SEM 17·5) g (control rats after 7 d), 365·2 (SEM 12·5) g (kaolinite-supplemented rats after 7 d), 446·8 (SEM 16·3) g (control rats after 28 d) and 439·5 (SEM 19·7) g (kaolinite-supplemented rats after 28 d) were killed by decapitation; their jejunum (15 cm extending from the ligament of Treitz) was removed and treated for Northern and Western blotting. As there were no significant differences between control rats killed either after 7 d or 28 d, we pooled the Northern and Western blotting results. TAG concentration was measured in the troncular blood (Randox kit TR213; Randox Laboratories Ltd, Crumlin, UK).
For the three experiments below, rats weighing 422·1 (SEM 21·5) g were food-deprived the night before the beginning of the experiment.
Oral administration of rats with kaolinite and olive oil. The rats received by oral administration 3 ml saline solution containing 0·02 g kaolinite or 3 ml of saline solution (controls), and 1·5 ml olive oil immediately after. They were killed 30 min later and the intestinal luminal content was collected for measurement of lipase activity.
Gastric emptying and intestinal transit. Gastric emptying time and intestinal transit were determined using methylene blue as tracer dye (26) . Briefly, rats were orally administered with 3 ml saline solution containing 0·02 g kaolinite or only 3 ml saline solution (controls), and immediately after, with 1 ml methylene blue/10 % sucrose solution and euthanised at 30 min after oral administration. The stomach was clamped above the oesophageal sphincter and below the pylorus to prevent leakage of the dye. Stomachs were cut and immediately homogenised in 10 ml 0·1 M-NaOH. After clearing steps by centrifugation, optical density at 562 nm of the supernatant fraction was determined. Gastric emptying was determined as the difference between the measured optical density and that of a group of rats, orally administered in parallel and euthanised at 1 min after oral administration. Intestinal transit was determined as the most distal point of migration of methylene blue in the intestine and expressed as a percentage of the total length of the intestine.
Intestinal perfusion of kaolinite, Intralipid w and glucose solutions. Rats were anaesthetised before surgery using intraperitoneal administration of ketamine (150 mg/kg body mass; Imalgene, Merial, France) and placed on a heated (378C) surgical table. After performing a laparotomy, the small intestine was isolated and the luminal contents removed by gently flushing with saline solution at 378C. An intestinal loop (15 cm extending from the ligament of Treitz) was cannulated to allow a recirculating perfusion at 378C at a flow rate of 2 ml/min with either 15 ml saline solution containing 0·02 g kaolinite or with saline solution alone (controls). After 30 min, the first perfusion solution was replaced by a second one composed of 15 ml Intralipid w solution (4 %) (containing 40 g fractionated soya oil, 9 g glycerol and 6 mmol phosphate per litre; Pharmacia, St-Quentin-en-Yvelines, France) at 378C containing 5 mM-glucose. The animals were finally killed after an absorptive period of 20 min. The small intestine was excised and the mucosa was scraped free of the underlying tissue, weighed and treated for Northern and Western blotting. Glucose concentration was estimated in the luminal content using a glucose oxidase-peroxidase kit (Roche Diagnostics, Mannheim, Germany). Absorption rate was calculated from the difference between the total amount of glucose injected initially and that collected at the end of the experiment. Blood glucose concentration was also measured in the hepatic portal and caudal veins before and after luminal perfusion. TAG and NEFA concentrations were estimated in the luminal contents as described previously (26) . Blood TAG concentration was measured in the caudal vein.
Northern blot analysis
Total RNA from jejunal mucosa was isolated by the method of Chomczynski & Sacchi (27) . Of total RNA, 5 mg was electrophoresed per lane in an agarose gel. After electrophoresis, RNA was transferred to a nylon membrane (Roche Diagnostics, Mannheim, Germany) by vacuum blotting and then fixed to the membrane by UV light. Blots were probed with specific digoxigenin-end-labelled (5 0 ) antisense oligonucleotide probes (Table 1 ; Eurogentec, Seraing, Belgium) using the method of Trayhurn et al. (28) . Slot-blots were stripped and re-probed with an 18S rRNA probe (Table 1) to correct for variations in RNA loading or blotting. Blots were analysed by densitometry using the Gene Tools software (Syngene, Frederick, MD, USA).
Reverse transcriptase polymerase chain reaction analysis cDNA was synthesised from 2 mg total RNA in 25 ml reaction buffer (Finnzymes OY, Espoo, Finland) containing 1 ml of avian myeloblastosis virus RT (Finnzymes OY, Espoo, Finland), oligo(dT) 17 primer (50 pM; Eurogentec, Seraing, Belgium) and 0·2 mM-deoxynucleotide triphosphate (Promega, Madison, WI, USA) (60 min at 428C). cDNA was then amplified by PCR using specific primers ( Table 1 ). The PCR reactions were carried out in 10 ml Red'Y'StarMix (Eurogentec, Seraing, Belgium) diluted to a final volume of 20 ml, 1 mM of each primer and 1 ml of the cDNA mixture. cDNA were amplified for a determined number of cycles (Table 1) as follows: hot starting for 10 min at 958C, denaturation for 45 s at 948C, annealing at 508C for 45 s, and elongation at 728C for 45 s. PCR products were resolved on a 2·5 % agarose gel and visualised by ethidium bromide staining. The staining intensity was evaluated using the Gene Tools software (Syngene, Frederick, MD, USA). Results were expressed as relative densitometric units, normalised to the values of a phosphoribosomal protein (acidic ribosomal phosphoprotein P0; Arbp) mRNA used as an internal control.
Western blot analysis
Brush-border membrane proteins were separated from other intestinal mucosal proteins as described by Schmitz et al. (29) . Protein concentrations were determined using the RcDc assay from Bio-Rad Laboratories (Hercules, CA, USA). Western blotting was conducted using standard techniques (30) . Proteins (40 mg per lane) from the brush-border membrane or other mucosal proteins were separated by SDS-PAGE using either 7 or 12 % poly-acrylamide gels and electroblotted onto polyvinylidene fluoride membranes before immunodetection processing. The membranes were incubated with the primary antibody (rabbit anti-rat SGLT1, GLUT5, GLUT2 (Chemicon, Temecula, CA, USA), rabbit anti-L-FABP (Genetex, San Antonio, TX, USA), rabbit anti-FATP4 (Santa Cruz Biotechnology, Santa Cruz, CA, USA)) and then with a horseradish peroxidase-conjugated secondary antibody. The bound antibodies were visualised by incubating the blots in West Pico (Pierce, Rockford, IL, USA). The level of immunoreactivity was then measured as peak intensity using an image capture (Genegnome; Syngene, Frederick, MD, USA) and analysis system (Gene Snap and Gene Tools; Syngene). The membranes were secondarily stripped and incubated with an anti-b-actin antibody (Sigma Aldrich, St Louis, MO, USA) to correct for variations in protein loading or blotting. Results for each transporter were expressed as relative densitometric units, normalised to the values of b-actin. 
, Na/glucose co-transporter 1, FABP, fatty acid binding protein; FAT, fatty acid transporter; CD36, cluster of differentiation 36; Arbp, acidic ribosomal phosphoprotein P0; FATP4, fatty acid transport protein 4.
Statistical analysis
Data are presented as mean values with their standard errors. Statistical comparisons of experimental data were performed by one-way ANOVA and Tukey's post hoc test by using the software SigmaStat (Jandel Scientific, San Rafael, CA, USA). The level of statistical significance was set at P, 0·05.
Results
Intestinal glucose and non-esterified fatty acid uptake following kaolinite perfusion
The jejunum of rats was perfused in vivo with saline solution (control group) or saline solution containing 0·02 g kaolinite (kaolinite group) and then with Intralipid w solution containing 5 mM-glucose. We measured the uptake of glucose by the jejunum after kaolinite perfusion, and we quantified the mRNA level and the amount of protein of the hexose transporters SGLT1, GLUT2 and GLUT5. Rates of glucose uptake in the jejunum were not significantly different between control and kaolinite-perfused animals (0·28 (SEM 0·02) v. 0·23 (SEM 0·03) mmol glucose/mg mucosa per min (P¼0·080), respectively). Furthermore, the portal and systemic glycaemia of rats of both groups did not vary significantly after the perfusion (data not shown). Finally, perfusion of the jejunum with kaolinite did not affect the expression pattern of SGLT1, GLUT2 and GLUT5 (data not shown).
As for glucose, we measured the uptake of NEFA by the jejunum after intestinal perfusion with kaolinite and then with Intralipid w solution containing 5 mM-glucose. Between the beginning and the end of the perfusion of Intralipid w solution, TAG concentration in the perfusate showed a 40·0 and 56·7 % decrease in the control and kaolinite groups, respectively ( Fig. 1(a) ). In parallel, the rate of NEFA uptake was 1·8-fold higher in the kaolinite than in the control group (Fig. 1(b) ). However, we did not observe any significant difference in plasma TAG concentration after 20 min perfusion of Intralipid w solution between the kaolinite and the control group (Fig. 1(c) ). In order to characterise the mechanisms involved in increased NEFA uptake after kaolinite perfusion, we looked at the expression of the NEFA transporters FAT/ CD36, L-FABP and FATP4 after kaolinite intestinal perfusion and ingestion (Figs. 1(d) , (e) and (f)). Intestinal perfusion with kaolinite in saline solution during 30 min affected neither the gene expression (Figs. 1(d) , (e) and (f)) nor the protein level (data not shown) of these transporters.
Expression of hexose transporters after long-term kaolinite feeding
When given ad libitum during 7 and 28 d, all the animals consumed kaolinite deliberately: 1·1 (SEM 0·4) g/d (n 8), representing approximately 4 % of the total amount (food þ kaolinite, w/w) they ingested every day. Food consumption during the same period was 25·6 (SEM 2·6) g/d (n 8) for the kaolinite group and 24·4 (SEM 1·7) g/d (n 10) for the control group (P¼0·249). Body-mass gain was similar in the control and kaolinite groups after 28 d. After 7 and 28 d kaolinite ingestion, SGLT1 and GLUT5 mRNA levels decreased significantly: by 1·8-fold after 7 and 28 d for SGLT1 (Fig. 2(a) ), and by 2·7-and 2·4-fold after 7 and 28 d, respectively, for GLUT5 (Fig. 2(c) ). For GLUT5, this effect was confirmed and even drastically amplified at the protein level (Fig. 2(d)) ; indeed, we observed a 20-and a 100-fold decrease in GLUT5 protein expression after 7 and after 28 d kaolinite ingestion, respectively. SGLT1 protein expression, however, was not modified (Fig. 2(b) ). Concerning the transporter GLUT2, kaolinite ingestion remained without effect at both mRNA and protein levels (Figs. 2(e), (f) and (g) ).
Expression of fatty acid transporters after long-term kaolinite feeding
Kaolinite ingestion for 7 and 28 d caused a marked increase (about 1·5-fold) in plasma TAG concentration (Fig. 3(a) ).
FAT/CD36 gene expression was not affected by kaolinite ingestion (Fig. 3(b) ). However, kaolinite ingestion stimulated L-FABP gene expression (2-and 2·7-fold increase after 7 and 28 d, respectively; Fig. 3(c) ) and increased the cytoplasmic pool of L-FABP protein (by 2·4-fold after 7 d and by 2·9-fold after 28 d; Fig. 3(d) ), but did not modify the expression of L-FABP in the brush-border membrane (Fig. 3(e) ). Also, FATP4 gene expression showed a 1·7-fold increase after 28 d kaolinite ingestion (Fig. 3(f) ), which was accompanied by a 1·9-fold increase in the amount of FATP4 protein in the cytoplasm (Fig. 3(g) ). By contrast, FATP4 protein expression decreased in the brush-border membrane after 7 and 28 d kaolinite ingestion (Fig. 3(h) ).
Lipase activity in the intestinal lumen after administration of kaolinite and olive oil by oral administration
Since we found a decrease in TAG concentration in the perfusate in the kaolinite group, we were interested in determining whether kaolinite affects TAG hydrolysis. In that way, we measured pancreatic lipase activity in the intestinal lumen in rats orally administered with either kaolinite in saline solution (kaolinite group) or only saline solution (control group), and then with olive oil. In this experimental setting, we observed a significant 1·3-fold increase in lipase activity in the kaoliniteadministered group (specific activity: 4429 (SEM 274) mmol of fatty acid released/min per mg protein in the kaolinite-administered group v. 3430 (SEM 302 mmol of fatty acid released/min per mg protein in the control group); P, 0·05).
Gastric emptying and intestinal transit
Gastric emptying and intestinal transit of methylene blue were measured in rats previously orally administered with kaolinite in saline solution (kaolinite group) or with saline solution only (control group). At 30 min after an oral administration of methylene blue, we observed a gastric emptying equal to 19 % in the control group and to 7 % (i.e. 2·7-fold less) in the kaolinite-treated group (Table 2) . At the same time, the dye had reached 83·5 and 59·3 % of the total length of the small intestine in the control and in the kaolinite group, respectively ( Table 2) . 
Discussion
We show here that ingestion of kaolinite, a clay commonly used in human medicine, enhances intestinal TAG hydrolysis and NEFA absorption. This may be due to a slowing down of gastric emptying and intestinal transit caused by the presence of this clay in the digestive tract.
Perfusion of the small intestine with kaolinite solution did not modify glucose uptake rate. This is in contrast to the study of Dowling et al. (16) , showing increased glucose absorption after kaolinite feeding. This discrepancy may be explained by the difference in the kaolinite administration method and due to the amount of kaolinite administered: in the present study, the small intestine was perfused with a kaolinite solution, whereas Dowling et al. (16) measured intestinal glucose uptake in rats fed for several weeks with a diet containing kaolinite powder (one part by weight of standard diet and two or four parts of kaolinite). Furthermore, the present results obtained after 7 and 28 d kaolinite ingestion cannot be compared with those of Dowling et al. (16) , since our rats ate spontaneously only a small amount of clay representing approximately 4 % of the total amount ingested every day. Second, Dowling et al. (16) studied glucose transport in the everted intestine, whereas we experimented in vivo without interrupting, as far as possible, the vascular and nervous connections.
As shown here, SGLT1 and GLUT5 gene expression decreased in rats fed with a diet containing 4 % kaolinite during 7 and 28 d. These results suggest that kaolinite ingestion may have long-term effects on hexose absorption. Furthermore, kaolinite ingestion may regulate SGLT1 and GLUT5 at a transcriptional level. The reason for these effects has yet to be determined. Kaolinite feeding does not cause intestinal hypertrophy (16) , which could have led to a relative decrease in the mRNA level of these genes when compared with the total amount of mRNA in the small intestine (i.e. in cells from the lamina propria, crypt cells, goblet cells, etc). An explanation could be the strong affinity of kaolinite for water (12) and thus, probably also for hexoses, which are very soluble in water because of their many hydroxyl groups. Also, it has been shown that D-glucose binds in a stereospecific manner to bentonite (5) . This may then lead to less SGLT1 and GLUT5 gene expression, since these are regulated by the amount of 'free' hexose in the lumen (31) . Indeed, SGLT1 gene expression is enhanced in glucose-enriched diets (31) , whereas fructose but not glucose increases the transcription of the GLUT5 gene (32) . In kaolinite-fed rats, SGLT1 mRNA decreased whereas its protein expression did not vary. This could be due to an increase in SGLT1 mRNA half-life, since expression of SGLT1 is known to be regulated post-transcriptionally at the level of mRNA stability (33, 34) . By contrast, kaolinite may improve TAG digestive efficiency and NEFA uptake. First, kaolinite enhances TAG hydrolysis. This could be due either to an increased pancreatic secretion of lipase into the small-intestinal lumen, or to increased pancreatic lipase activity. We would favour the latter hypothesis, since clay minerals are known to be an appropriate substratum for enzymes: diosmectite shows a dose-dependent capacity to adsorb some enzymes in vitro (6) ; kaolinite feeding in the rat has been shown to increase the activity of leucine amino-peptidase and of several dehydrogenases (7) . In the present study, kaolinite may induce an increase in the activity of pancreatic lipase, a water-soluble enzyme hydrolysing TAG at an oil -water interface. This could be linked again to the fact that kaolinite easily adsorbs water (12) , which is required for the structural integrity of the enzyme (35) , and to its high surface area per unit mass. Clays also have binding properties for bile salts (36) . All these physical properties may thus trigger pancreatic lipase activity.
Second, kaolinite perfusion stimulated NEFA uptake. However, plasma TAG concentration remained unchanged. It has been shown elsewhere that the synthesis and/or secretion of chylomicrons are a rate-limiting step of NEFA absorption, leading to a physiological accumulation of TAG in the intestinal mucosa during intestinal perfusion of TAG (37) . This could explain the observed increase in NEFA uptake in rats perfused with kaolinite without significant changes in triacylglycerolaemia. However, after long-term exposure to kaolinite, i.e. after long-term exposure of the enterocytes to high luminal NEFA concentrations (due to increased TAG hydrolysis) plasma TAG concentration increased. This is in accordance with the study of Cartwright & Higgins (38) showing that feeding a fat-enriched diet for 2 weeks significantly stimulated the ability of isolated enterocytes to synthesise and secrete chylomicrons in comparison with feeding a single dose of lipid.
NEFA might diffuse mainly passively across enterocyte apical membranes, a process that is driven by a concentration gradient, rather than via a protein-facilitated membrane transport system. Indeed, expression of the main fatty acid transporters (CD36, L-FABP and FATP4) in the brush-border membrane did not vary or was even reduced after kaolinite treatment. In the diffusion model, NEFA uptake rate is directly correlated with the surface area of the brush-border membrane. Kaolinite supplementation during 28 d in rats induces a 14·5 % increase in villi thickness under the villi tips, but a 20 % decrease in microvilli length (F Reichardt, unpublished results). From these results, we cannot conclude whether kaolinite ingestion during 28 d in rats causes a decrease or an increase in the absorptive surface area. However, the present results showing a decrease in gastric emptying and transit time are in favour of an increase of lipid absorption. Indeed, the interaction of nutrients with small-intestinal receptors regulates gastric emptying and stimulates the release of gastrointestinal hormones including cholecystokinin and glucagonlike peptide-1. In healthy subjects, intraduodenal infusion of fat slows gastric emptying (39) . This effect is associated with an increase in pyloric motility (40) . Furthermore, the slowing of gastric emptying by fat is dependent on lipolysis of TAG to fatty acids (41) . Therefore, one hypothesis is that ingestion of clay increases the hydrolysis of fat and, therefore, increases its absorption. The precise mechanism involved remains to be elucidated.
After uptake, rapid esterification of NEFA by long-chain acyl-CoA synthetase would prevent efflux, whereas rapid binding of NEFA and of their CoA esters by FABP would act as an intracellular NEFA buffer (42, 43) . More recently, FATP4 has been localised within the enterocyte endoplasmic reticulum and has a CoA acylase function (25) . The correlation of fatty acid uptake with FATP4 expression has been proposed to be due to the intracellular trapping of the fatty acid as acyl CoA, and not to an apical transport function. In the present study, an increase in FATP4 and L-FABP gene expressions after kaolinite supplementation has been observed. It is known that the liver type of FABP, which is mainly expressed in the proximal jejunum (our model), is transcriptionally up-regulated by long-chain fatty acid molecules (44) . We then separated the brush-border membrane proteins from other mucosal proteins before performing Western blot analysis. We could observe an increase in FATP4 and L-FABP protein expressions in the cytoplasm but not in the brush-border membrane from kaolinite-supplemented rats, confirming the role of these proteins in the intracellular trapping of NEFA. A decrease in microvilli length after 28 d of kaolinite complementation (F Reichardt, unpublished results) could finally explain the decrease in FATP4 within the brush-border membrane.
Rats fed an elemental diet with 10 % kaolinite (w/w) show greater body-mass gain after 14 d (45) . Based on our data, the explanation might then be that increased NEFA absorption in kaolinite-fed rats leads to an increase in lipid accretion. The next step is therefore to investigate the effect of kaolinite ingestion on lipid accretion, since geophagy, which is usually practised by socially disadvantaged cultural and ethnic groups living in the tropics (46, 47) , might not only reduce the energetic cost of diarrhoea but also optimise absorption of high-energy nutrients such as NEFA.
